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The mass of the black hole in V404 Cygni
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ABSTRACT

‘We have obtained a K-band infrared light curve of the low-mass X-ray binary
transient V404 Cygni. We model it as the ellipsoidal variation of a secondary star
distorted in the gravitational field of a black hole, and thus deduce the inclination of
the binary. Combining this with previously published spectroscopic data, we
determine the mass of the black hole to be approximately 12 M.
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1 INTRODUCTION

The low-mass X-ray binary (LMXB) transients are systems
where a late-type star is losing material via an accretion disc
to a black hole or neutron star. The mass accretion on to the
compact object is episodic, leading to outbursts which last
for months, with a recurrence time of the order of decades.
These systems are discovered by their X-ray emission during
outburst, but, when they return to quiescence, detailed
observations can be made of the secondary star. V404 Cyg
has been typical of this pattern, being discovered by the
Ginga All Sky Monitor (Makino et al. 1989), and with
follow-up optical spectroscopy showing the period to be
6.5 d (Casares, Charles & Naylor 1992). Optical spectro-
scopy can provide a lower limit to the mass of the compact
object (in this case 6.08 M) and thus provide support for
the hypothesis that it is a black hole candidate. It can also
yield the mass ratio, g, of the binary (Casares & Charles
1994); to obtain the mass of the compact object, however,
requires a further measurement of the inclination (i) as a
function of g. Just such information is provided by the
ellipsoidal variation of the secondary star, i.e. the variation
caused by observing the changing aspect of a gravitationally
distorted star, which has been observed in the optical by
Wagner et al. (1992). We have carried out such observations
in the infrared K band, since here uncertainties in gravity-
and limb-darkening parameters become negligible, and there
appears to be little or no contribution from the accretion
disc. Again V404 Cyg seems typical, with 84 per cent or
more of the continuum flux close to Ha coming from the
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secondary star, a fraction which rises with increasing wave-
length while the veiling ratio falls (see Casares et al. 1993,
henceforth C2NP). We have applied this technique to the
neutron star system Cen X-4, where the result was consistent
with the canonical neutron star mass (Shahbaz, Naylor &
Charles 1993, henceforth SNC93); and to the black hole
binary V616 Mon (=A0620— 00), where the derived mass
lay in the range 5 to 17 M, (Shahbaz, Naylor & Charles
1994, henceforth SNC94). In this paper we measure the

~ mass of a second black hole, that in V404 Cyg.

2 OBSERVATIONS AND REDUCTION

We observed V404 Cyg in 1992 August and 1993 Septem-
ber using infrared array cameras on the 3.8-m United
Kingdom Infrared Telescope (UKIRT), and in 1993
December on the Kitt Peak National Observatory (KPNO)
1.3-m telescope. The UKIRT array (IRCAM) is an InSb
device, used at 0.62 arcsec per pixel. The KPNO imager is a
HgCdTe array, which gives 1.96 arcsec per pixel on the
1.3-m telescope. The K-band filter used at UKIRT had a
long-wavelength cut-off at 2.4 pm, whilst the KPNO K'-filter
cut-off is at 2.3 pm. At both telescopes the images were
taken in groups, using a slightly different telescope pomtmg
position for each image. We observed the source for of the
order of one hour per night, made up of a series of such
groups.

The first step of the data reduction ‘was to linearize the

- images, and then subtract the dark current. Next, a sky image

was created for each data frame, by making-a median-filtered
image from all the other frames within the group. Each data
frame was then flat-fielded using the appropriate sky image.
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Aperture photometry of V404 Cyg is problematical
because of a nearby (1.4 arcsec north) star. For the UKIRT
data we therefore used a relatively large aperture (2.4 arcsec)
which encompassed both stars, and then subtracted the
contribution of the companion from all our measurements.
This contribution was measured by using profile fitting
(Stetson 1987) on frames with relatively good seeing. To
check that variations in the seeing would not adversely affect
such a procedure, we have carried out simulations (see
C?NP) which show that such an effect would not constitute
an error of more than 0.7 per cent. For the Kitt Peak data, the
large pixel size meant that the star 5.6 arcsec south of V404
Cyg would also contaminate an aperture containing V404
Cyg, so we reduced these data using the profile-fitting code.

Table 1. K measurements of V404 Cyg.
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To transform this light curve into apparent magnitude, we
divided the counts obtained from V404 Cyg by those of two
‘local standards’ in each frame. Examination of field stars
showed that the colour correction between the two photo-
metric systems is significant, and so we applied a colour
correction both to the comparison star, and to V404 Cyg. It
should be noted, however, that V404 Cyg was the reddest
star in the UKIRT field of view, and so the correction had to
be extrapolated. This may lead to a colour-dependent error
(see Section 3). Finally, we tied the magnitudes of the local
standards to those of UKIRT standard stars, which adds a
further systematic uncertainty of 0.004 mag to all the
photometry.

The duration of each night’s observation is so short that
the expected variation during the night resulting from an
ellipsoidal modulation of period 6.5 d is small (about half a

Heliocentric Julian Date Phase Telescope K magnitude per cent). Thus we binned the data points (748 from UKIRT
2448856.859 0.6376-0.6431 UKIRT 1992 12.361 % 0.051 and 151 from KPNO) into longer time-spans, to yield the
2448858.001 0.8185-0.8195 UKIRT 1992 12.300 % 0.017 light curve given in Table 1. Each data point was derived by
2449233.787 0.88320.8919 UKIRT 1993 12.413 % 0.003 fitting a histogram of the data values to a Gaussian distribu-
‘;’ﬁggg;g? g%gg—_g-g‘gg g;ggg }ggg g'gggig«gg‘; tion, and taking the resulting mean value. This removes
2449235.943 0.21100.2306 UKIRT 1993 12317 % 0.002 points with a large deviation from the mean, which are
2449236.775 0.3442-0.3546 UKIRT 1993 12.388 & 0.004 caused by poorly corrected ‘bad’ pixels lying within either the
2449237.745 0.4971-0.5035 UKIRT 1993 12.518 + 0.002 target or the local standard star photometric aperture. The
gﬁgggi-g‘;i g-ggg;’-ggg}{; Ullgm'l; 1:}?3 g-ig‘; i g~ggi aperture photometry routine that we used (SNC94) gives a

X . -0. itt Pe K . :
2449325 611 0.0747-0.0785  Kitt Peak  12.430 % 0.006 robust estimate of the errors. When the expected error falls
2449326.605 0.2278-0.2326  Kitt Peak  12.240 % 0.021 to less than about 1 per cent per data frame, however, the
2449327.654 0.3921-0.3949  Kitt Peak  12.359 & 0.014 observed scatter in the observations remains at about the
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Figure 1. The K-band light curve of V404 Cyg, folded on the orbital phase with a comparison star shown above. The symbols indicate from
which observing run the data are taken: stars - UKIRT 1993; triangles - UKIRT 1992; crosses - Kitt Peak. Where the error is larger than the
symbol, an error bar is plotted as a thin line. The dashed curve is the best-fitting model light curve, and the dashed straight line a constant fitted

to the comparison star.
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1 per cent level, probably because of gaps between pixels
(SNC93). Thus the errors given in Table 1 are standard
errors calculated using the standard deviation within each
time-bin. Finally, the data were folded on the ephemeris
given by Casares & Charles (1994); to produce an orbital
light curve (Fig. 1).

We have already presented limited IR photometry of
V404.Cyg from 1990, about a year after outburst (C>NP).
These data were dominated by a modulation of 0.2-mag
amplitude at a period of 5.9 h, which was also present in
optical photometry and spectroscopy. The cause of this
modulation is still unknown, but the data are consistent with
it weakening in the years after outburst. To see whether this
was still present in the IR, we obtained about 6 h of continu-

ous coverage; the results are shown in Fig, 2, along with the .

overall ellipsoidal light curve from the fit to the entire data
set. The data do not show any significant trends or flaring
behaviour, any deviation from the expected light curve being
less than 0.03 mag, and short-lived (less than about an hour).
Our shorter runs on other nights are consistent with the same
behaviour. We conclude, therefore, that the 6-h periodicity
observed in earlier years is now either absent or much
reduced in amplitude. Since V404 Cyg is now slightly fainter
than it was in 1991 (K=12.1 to 12.4), this suggests that there
was a variable contaminating component in 1991.

3 MODEL FITTING AND DERIVED
PARAMETERS

We fitted the orbital light curve with an ellipsoidal model
similar to that used for Cen X-4 and A0620—00 (SNC93;
SNC94). The only difference is that, after calculating the
temperature of each element of the secondary star surface,

11.8 T B

the flux is calculated by assuming a Kurucz solar-abundance
model atmosphere with surface gravity log g =4.0 (Kurucz
1991), rather than by assuming a blackbody. The free
parameters were g and i, phase zero being fixed by the
spectroscopic ephemeris, and the temperature of the secon-
dary being taken as 4360 K, close to that derived by C?NP,
and consistent with the temperature derived in Section 4.
The best fit gives y2=15.2 at g=5, i =62°. Fitting of a con-
stant magnitude to a comparison star reduced in an identical
fashion to V404 Cyg gives y2=4.5. That this value of y2
is not about unity suggests that there is a problem with the
colour correction between the UKIRT and KPNO data. We
therefore derived the errors for our fit by rescaling our error
bars such that the best-fitting y2 was 1, and then choosing the
90 per cent confidence region to be y2+6.25 (Lampton,

Margon & Bowyer 1976). Fig. 3 shows the resulting allowed

parameter space for V404 Cyg in the i—q plane. We also
experimented by allowing the fitting procedure to add a con-
tribution from a bright spot, and to shift phase zero with
respect to the spectroscopic ephemeris. None of these exper-
iments significantly affected the fit to the data, and none
changed the derived inclination of the system by more than
0.4 per cent.

We can now combine the ellipsoidal study with a spectro-
scopic study to obtain the masses of the system’s components
in a similar manner to that described by SNC94. Using the
values for the rotational broadening of v sin i =39.1 km s~*
and the radial velocity semi-amplitude of K,=208.5 km s~
(Casares & Charles 1994), we obtain g =16.7. Constraining
the (i, q) relationship obtained from the ellipsoidal study
with this value of g, we find i = 56°, which when combined
with the value for the mass function allows us to obtain a
complete solution for both masses, the orbital separation and
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Figure 2. K-band light curves of V404 Cyg and a comparison star; lasting for about 6 h. The slow increase in flux is consistent with the
ellipsoidal modulation, whose best-fitting light curve to the entire data set is shown as a dashed line. The few points with large deviations are
caused by the target or local standard stars falling on a poorly corrected ‘bad’ pixel.
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the radius of the secondary star. The latter two parameters
are obtained using Kepler’s Third Law and Paczynski’s
(1971) formula respectively. We present these in Table 2,
along with their errors, derived using the Monte Carlo
technique discussed by SNC94. Fig. 4 shows the allowed
mass of the black hole as a function of secondary star mass.

f

4 DISCUSSION

The masses deduced for the black holes in both V404 Cyg
(10-15 M) and V616 Mon (5-17 My: SNC94) are rela-
tively large. The errors for V404 Cyg are sufficiently small
that we can immediately rule out scenarios where the black
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Figure 3. The 68 per cent (dashed line) and 90 per cent (solid line)
confidence regions allowed for V404 Cyg in the inclination-mass
ratio plane resulting from our fit to the ellipsoidal light curve.
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hole is formed by the merger of neutron stars, provided only
that they had masses of less than about 4 M, (the theoretical
maximum mass for a maximally rotating neutron star — see
Friedman & Ipser 1987).

High black hole masses present two problems for the
classical scenarios of LMXB formation, where the initial
binary is a low-mass (approximately 1 M) star in a wide
orbit around the black hole progenitor. It is thought that
supernova collapse into a neutron star produces a large
velocity kick (e.g. Bailes 1989), which is likely to unbind the
binary. If collapse to a black hole occurs with the same
degree of asymmetry, its larger mass is even more likely to
unbind the LMXB progenitor. Secondly, observations
suggest that binaries with extreme mass ratios may be very
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Figure 4. The 68 per cent (dashed line) and 90 per cent (solid line)
confidence regions allowed for V404 Cyg in the M,-M; plane
resulting from combining our fit to the ellipsoidal light curve with
the spectroscopic mass function and mass ratio.

Table 2. System parameters for V404 Cyg (with 90 per cent confidence regions derived
using a Monte Carlo error propagation technique).

Parameter

Parameters derived from ellipsoidal study and spectroscopic data:

Inclination i (degrees)
Primary mass M; (Mp)
Secondary mass M (Mg)
Secondary radius Rz (Rp)
Orbital separation a (Rg)

Assuming stripped giant model:

Secondary core mass M. (M)
Secondary luminosity Ly (Lg)

Matching stripped giant luminosity to ellipsoidal model luminosity:

Secondary effective temperature at pole (K)

Mean secondary absolute magnitude My (mags)
Mean secondary absolute magnitude Mk (mags)

Secondary predicted colour (V — K) (mags)
System distance D (kpc)
Visual extinction A, (mags)

Lower Most likely Upper
limit value limit
52 56 60
10 12 15
0.5 0.7 1.0
5.5 6.0 6.7
32 34 37
0.213 0.216 0.221
10.18 10.20 10:23
4170 4355 4490
3.3 3.4 3.6
0.1 0.0 -0.1
3.2 34 3.6
2.2 3.7
2.2 3.3
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rare compared with those of more equal mass ratios (Halb-
wachs 1987). Both these effects will tend to make black hole
LMXBs rare compared with, say, the bright bulge sources. In
fact, the opposite seems to be the case, the relative proximity
of the known black hole LMXBs compared with the neutron
star LMXBs suggesting that the former may be more numer-
ous (but see the discussion by van den Heuvel 1992). Neither
problem is insurmountable, as there may be problems with
observational selection in our statistics for binary mass ratios
(Halbwachs 1987), and further investigations are needed into
the velocity kick imparted during collapse into a black hole.
It is interesting to note, though, that evolution via a
Thorne-Zytkow object, as suggested by Podsiadlowski,
Cannon & Rees (1994), would not suffer from such
problems.

Using the value for the mass of the compact object, an
upper limit to the distance can be obtained by assuming that
the observed peak X-ray luminosity was Eddington-limited.
Using an observed peak X-ray luminosity of
Lo =14x%10% D, erg s~! (Tanaka 1989) and our upper
limit for M,, we obtain a 90 per cent upper limit to the
distance of Dy, <3.7 kpc.

Our solution for the radius of the secondary star can be
used to make further predictions using the stripped giant
models of Webbink, Rappaport & Savonije (1983), as
suggested by King (1993). The radius of a stripped giant
depends only on its core mass. Using the approximate
equation for the radius given by King (1993), our radius
implies a core mass of 0.216 M. The core mass that we
obtain lies comfortably between the Schonberg-Chand-
rasekhar limit of 0.17 of the total mass of the secondary star
(above which a stripped giant core must lie) and the total
mass of the secondary star of about 0.7 M. This lends
support to the evolutionary scenario for these systems where
the mass transfer is driven by the expansion of the secondary
star, which drives the system to longer orbital periods (e.g.
SNC93; SNC94). The expansion can be that of a main-

sequence star, which may well be the case for A0620—00

(Mukai 1994); or that of a subgiant, as may be the case for
Cen X-4 (SNC93); or that of a stripped giant, as in the case
of V404 Cyg.

The stripped giant model also predicts the luminosity as a
function of core mass. We find, using the approximate
equation for the model luminosity (King 1993), L,=10.20
L,. We therefore adjusted the temperature of the pole of our
model secondary until its luminosity matched that predicted
for a stripped giant. Due to gravity-darkening effects, this
temperature is significantly different from that predicted for
a blackbody of the same radius. The same model can be used
to predict absolute K and ¥ magnitudes, and the colour of
the secondary star (see Table 1). We can derive an upper limit
to the reddening by comparing the model and observed
colours. We thus obtain a 90 per cent confidence upper limit
of A,=3.3 by assuming no accretion disc contamination in
K, 0.1-mag contamination in V (ie. ¥=18.5: C?NP) and
Ag/A,=0.112 (Rieke & Lebofsky 1985). We can use the
upper limits for the distance and reddening to obtain
corresponding lower limits for the reddening and distance
using the absolute magnitude (see Table 2) and the distance
modulus formula.

5 CONCLUSIONS

We have presented an ellipsoidal study of V404 Cyg, which,
when combined with spectroscopic data, allows us to obtain
a complete solution for the binary parameters. The mass of
the black hole is relatively large (12 M), which presents
some difficulties for standard evolutionary models. The mass
of the secondary star is consistent with it being a stripped
giant, the evolution of which is driving mass transfer in the
system.
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